Introduction
Multiple myeloma (MM) remains fatal despite all available therapies. Initial treatment with dexamethasone (Dex) effectively induces MM cell death; however, prolonged drug exposures result in the development of de novo chemoresistance. 1, 2 The development of chemoresistance is associated with these events: defective apoptotic signaling in response to drugs; overexpression of antiapoptotic proteins such as Bcl2 or inhibitors of apoptosis protein (IAPs) 3, 4 ; expression of multidrug resistance (MDR) gene 5, 6 ; the presence of growth-promoting cytokines within the bone marrow (BM) microenvironment such as interleukin-6 7 ; and insulin growth factor-1 (IGF-1). 2, 8, 9 Novel anti-MM agents that reverse drug resistance and enhance cell death are needed.
Previous studies have shown that synthetic triterpenoid 2-cyano-3, 12-dioxooleana-1, 9-dien-28-oic acid (CDDO) triggers apoptosis in various human carcinomas and leukemic cells. [10] [11] [12] [13] [14] CDDO-induced apoptosis is associated with these events: downregulation of caspase-8 homolog Fas-ligand interleukin-1-converting enzyme (FLICE)-inhibitory protein (c-FLIP), cleavage of Bid, activation of caspase-8 and -3, release of mitochondrial protein cytochrome c, inhibition of de novo nitric oxide synthase (iNos), modulation of proximal proliferator-activated receptorgamma (PPAR-␥) transcriptional activity, and inhibition of nuclear factor-kappa B (NF-B). [10] [11] [12] [13] [14] A recent study showed that a new derivative of CDDO, CDDO-imidazolide (CDDO-Im), is more potent than its parent compound, CDDO, both in vitro 15 and in vivo against murine melanoma and leukemic cells. To date, however, the effect of triterpenoids on MM cells is undefined.
Our recent studies showed that bortezomib/proteasome inhibitor PS-341 induces apoptosis in MM cells refractory to multiple prior therapies including dexamethasone (Dex), melphalan, or thalidomide. 16, 17 On the basis of our preclinical and clinical studies, the Food and Drug Administration (FDA) recently approved bortezomib for the treatment of relapsed refractory MM. Although initial treatment with bortezomib triggers apoptosis in MM cells, de novo PS-341 resistance ultimately develops in some cases. To date, however, there is no therapy to overcome PS-341 resistance.
In the present study, we asked (1) whether triterpenoids affect MM cell viability, and (2) whether a combination of minimally Conditioned media were generated from 12-hour cultures of MM patient-derived BMSCs, MM.1S cells, and BMSCs ϩ MM.1S cells, either untreated or treated with CDDO-Im (200 nM) or bortezomib (4 nM); IL-6 levels were measured using enzyme-linked immunosorbent assays (ELISAs) (R&D Systems, Minneapolis, MN), as previously described. 20 Briefly, 96-well plates were coated with antihuman IL-6 antibodies (Abs) overnight, washed, and then blocked with 300 L phosphate-buffered saline (PBS), 1% bovine serum albumin (BSA), 5% sucrose, and 0.05% NaN 3 for 2 hours. After washing, 100 L sample or standards diluted in Tris (tris(hydroxymethyl)aminomethane)-Cl, 0.1% BSA, and 0.05% Tween 20 (pH 7.3) were added to the wells and incubated for 2 hours at room temperature (RT). The cells were rinsed, and biotinylated antihuman IL-6 Ab was added for 2 hours at RT. After a further washing step, the wells were incubated with streptavidin horseradish peroxidase for 20 minutes at RT and rinsed. The reaction was started by the addition of 100 L H 2 O 2 and tetramethylbenzidine for 30 minutes at RT. After stopping the reaction with 1 M H 2 SO 4 , the optical density of each well was detected by means of a microtiter plate reader at 450 nm, with correction at 540 nm.
Mitochondrial membrane potential (•⌿m) and generation of superoxide (O 2 -) anions
Serum-starved MM.1S cells were treated with bortezomib (2 nM) alone, CDDO-Im (80 nM) alone, or bortezomib ϩ CDDO-Im for 12 hours; incubated with chloromethyl-X-rosamine (CMXRos) for the last 20 minutes; stained with lipophilic cationic dye CMXRos (Mitotracker Red) (Molecular Probes, Eugene, OR) in PBS for 20 minutes at 37°C; and analyzed by flow cytometry to assay for alterations in •⌿m. 21 Superoxide production was measured by staining cells with membrane-permeable dye dihydroethidium (HE), as previously described. 22 
Western blotting
Total cell lysates were prepared, and Western blot analysis was performed as previously described. 23 Briefly, equal amounts of proteins were resolved by 10% or 12.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), transferred onto nitrocellulose membranes, filters were blocked by incubation in 5% dry milk in PBST (0.05% Tween 20 in PBS), and probed with anti-cytochrome c (anti-cyto-c), anti-second mitochondriaderived activator of caspases (anti-Smac) (kindly provided by Dr Xiaodong Wang, University of Texas Southwestern Medical Center at Dallas), antitubulin (Sigma Chemical), anticaspase-8, -9, or -3 (Cell Signaling Technology, Beverly, MA), anticaspase-3 (Santa Cruz Biotechnology, Santa Cruz, CA), anti-Bcl2, or anti-heat shock protein-27 (anti-Hsp27) Abs (Transduction Laboratories). Blots were developed by enhanced chemiluminesence (ECL; Amersham, Arlington Heights, IL). The immunoblots were scanned using an LKB Produkter (Bromma, Sweden) Ultrascan XL laser densitometer and analyzed with the Gelscan software package (Bromma, Sweden). Signal intensity was determined in a linear range and normalized to that for tubulin. Preparation of cell lysates for poly(adenosine diphosphate [ADP]-ribose) polymerase (PARP) immunoblot analysis was performed as described using C-2-10 anti-PARP monoclonal antibody. 24 
Isobologram analysis
The interaction between anti-MM agents CDDO-Im and bortezomib was analyzed using CalcuSyn software program (Biosoft, Ferguson, MO). Data from cell viability assay (MTT) were expressed as fraction of cells with growth affected (FA) in drug-treated versus untreated cells. This program is based upon the Chou-Talalay method 25 according to the following equation: 
Results and discussion

CDDO-Im inhibits growth and induces apoptosis in MM cells resistant to conventional therapy
We first determined whether CDDO-Im affects the viability using MTT assay in MM cells resistant to conventional therapy, including doxorubicn (Dox-40)-, melphalan (LR-5)-, and dexamethasone (MM.1R)-resistant cells. As seen in Figure 1A , 
CDDO-Im does not affect viability of normal lymphocytes
Normal lymphocytes from 5 healthy donors were treated with various doses (0.1-0.6 M) of CDDO-Im and analyzed for both cytotoxicity and apoptosis using MTT and DNA fragmentation assays, respectively. As seen in Figure 2A and in contrast to MM cells, survival of normal lymphocytes from 5 healthy donors was not altered significantly (P ϭ .21 from Jonchkeere-Tepstra [J-T] trend test), even at higher doses (0.5 M) of CDDO-Im. No significant apoptosis of normal lymphocytes was observed in response to CDDO-Im (data not shown). Our data are consistent with another study demonstrating a lack of cytotoxicity of triterpenoids on normal lymphocytes. 12 Taken together, these findings indicate that CDDO-Im has selective anti-MM activity.
CDDO-Im inhibits growth and triggers apoptosis in patient MM cells
We next determined the effects of CDDO-Im on MM cells freshly isolated from patients relapsing after multiple prior therapies including dexamethasone, melphalan, 2-methoxyestradiol, and thalidomide. Tumor cells were purified from BM aspirates by CD138 ϩ selection using CD138 (syndecan-1) Micro Beads and Auto MACS magnetic cell sorting. As seen in Figure 2B , treatment of MM cells from 5 patients (patient nos. 1-5) with CDDO-Im (0.2 M) for 24 hours significantly (P ϭ .05) decreased the survival of these cells, as measured by an MTT assay. To determine whether CDDO-Im-induced growth inhibition correlates with apoptosis, 3 patient MM cells were treated with CDDO-Im and analyzed for 
CDDO-Im induces apoptosis in patient MM-derived bone marrow stromal cells (BMSCs)
In MM, tumor cells are predominantly localized in the BM microenvironment due to their adherence both to extracellular matrix proteins and to BMSCs. This interaction between MM cells and BMSCs triggers production of cytokines mediating autocrine and paracrine growth and survival of MM cells as well as protection against drug-induced apoptosis. 2 We therefore next examined the effect of CDDO-Im on 5 patient MM-derived BMSCs. As seen in Figure 2C , treatment of BMSCs (patients a-c) with CDDO-Im (0.2 M) for 72 hours significantly (P ϭ .004) induces apoptosis in these cells, as evidenced by DNA fragmentation assay.
To compare the effects of CDDO-Im on BMSCs from MM patients versus normal donor lymphocytes, we treated these cells from 3 MM patients and 3 healthy donors with CDDO-Im (300 nM), followed by analysis for apoptosis by annexin V staining. CDDO-Im triggered apoptosis in MM patient BMSCs (66% Ϯ 2.1% apoptotic cells, mean Ϯ SD; n ϭ 3) but not in normal donor lymphocytes (8.6% apoptotic cells, mean Ϯ SD; n ϭ 3). These findings are consistent with results obtained from either MTT (Figure 2A ) or DNA fragmentation assays ( Figure 2C ). Together, these results suggest that CDDO-Im acts not only directly on MM cells but also affects the BM microenvironment.
CDDO-Im inhibits interleukin-6 (IL-6) secretion in BMSCs
Adhesion of MM cells to BMSCs induces IL-6 secretion from BMSCs, which not only regulates the growth of MM cells but also protects against chemotherapy. 7, 26, 27 We therefore next examined the effect of CDDO-Im on IL-6 production in the BM microenvironment. As seen in Figure 2D , CDDO-Im (0.2 M) significantly (P Ͻ .005) inhibits IL-6 secretion in MM patient BMSCs triggered by MM cell adhesion. Reports that high serum levels of IL-6 contribute to clinical chemoresistance and treatment failure, 28 coupled with our demonstration that CDDO-Im decreases the MM adhesion-induced IL-6 secretion from BMSCs, suggest that CDDO-Im may overcome drug resistance in patients with advanced MM. Importantly, these findings also show that CDDO-Im is more potent than bortezomib at inhibiting IL-6 secretion and confirm that either agent alone blocks IL-6-mediated survival or antiapoptotic effects.
CDDO-Im overcomes the prosurvival/antiapoptotic effects of human recombinant IL-6 (hrIL-6) and insulin growth factor-1 (IGF-1)
Given that both IL-6 and IGF-1 are major growth/survival factors present within the BM microenvironment and protect against Dex-induced apoptosis, [29] [30] [31] [32] we examined their effects on CDDOIm-induced apoptosis. MM.1S cells were treated with CDDO-Im (0.2 M) or Dex (0.5 M) in the presence and absence of IL-6 (10 ng/mL) or IGF (50 ng/mL). As seen in Figure 3A , the median viability was 24% Ϯ 2.1% with CDDO-Im alone and 28% Ϯ 2.2% with CDDO-Im ϩ IL-6 (P ϭ .23, Wilcoxon test), whereas median viability was 43% Ϯ 2.1% for Dex and 86% Ϯ 5.4% for Dex ϩ IL-6 (P ϭ .05, as determined by 1-sided Wilcoxon rank sum test). Similar results were obtained using IGF-1: Median viability was 19.3% with CDDO-Im alone and 18.1% with CDDO-Im ϩ IGF-1 (P ϭ .27) ( Figure 3B ). These findings suggest that neither IL-6 nor IGF-1 blocks the effects of CDDO-Im on MM.1S cells. In contrast and as in our prior studies, 8, 33 both IL-6 and IGF-1 block Dex-induced decreased MM.1S cell viability. Furthermore, as seen in Figure 3C -D, CDDO-Im induces apoptosis in MM.1S cells even in the presence of IL-6 or IGF-1, as evidenced by proteolytic cleavage of poly(ADP-ribose) polymerase (PARP), a signature event during apoptosis. 34 Taken together, our data suggest that CDDO-Im overcomes the growth and protective effects of IL-6 and IGF-1 on MM cells and indicate distinct mechanisms of actions for CDDO-Im and Dex against MM cells.
Synergistic anti-MM activity of CDDO-Im and bortezomib/proteasome inhibitor PS-341
Our recent studies showed that bortezomib induces apoptosis in refractory MM cells 16, 17 ; however, continuous exposure to bortezomib is associated with increased toxicity and development of de novo bortezomib resistance. We therefore next determined whether the combination of minimally toxic concentrations of CDDO-Im and bortezomib affects MM cell viability.
As seen in Figure 4A, BLOOD Figure 4B , treatment of MM.1S with low doses of CDDO-Im (80 nM) and bortezomib (2 nM) induces a marked proteolytic cleavage of PARP, whereas neither agent alone induces PARP cleavage at these concentrations. In addition, the combination of CDDO-Im and bortezomib also triggers apoptosis in other drug-resistant MM cells, including Dox-and melphlan-resistant RPMI 8226 MM cells; no cross-resistance to drugs was observed (data not shown). Together, these findings show that synergy between CDDO-Im and bortezomib overcomes conventional drug resistance in MM cells.
We confirmed the synergism between CDDO-Im and bortezomib using isobologram analysis. There is a synergy with a combination index (CI) less than 1.0, additive effect when CI equals 1.0, and antagonism when CI is more than 1.0. As seen in Figure 4C , isobologram analysis confirmed a synergistic anti-MM activity of CDDO-Im with bortezomib (CI less than 1.0).
We next determined whether CDDO-Im ϩ bortezomib also affects MM patient cells refractory to bortezomib (patient nos. 1 and 2) and thalidomide/dexamethasone (patient no. 3). Cells were treated with CDDO-Im ϩ bortezomib and analyzed for cell viability and apoptosis. As seen in Figure 5A -B, CDDO-Im ϩ bortezomib markedly decreases the patient MM cell viability as well as induced apoptosis in these cells. We further examined whether low-dose CDDO-Im ϩ bortezomib similarly increases lethality in normal cells. Cells from 4 healthy donors were treated with CDDO-Im (80 nM) ϩ bortezomib (2 nM) for 24 hours and analyzed for viability using MTT assay. As seen in Figure 5C and in contrast to MM cells, survival of normal lymphocytes was not altered significantly (P ϭ .31 from J-T trend test) at these doses of CDDO-Im ϩ bortezomib. No significant apoptosis of normal lymphocytes was observed in response to CDDO-Im ϩ bortezomib (data not shown). Taken together, these findings indicate that low doses of CDDO-Im ϩ bortezomib have selective anti-MM activity.
To exclude the possibility that this event is specific to bortezomib, we performed experiments using another proteasome inhibitor, MG-132. MM.1S cell were treated with CDDO-Im (80 nM) and MG-132 (50 nM) for 24 hours and then analyzed for apoptosis by dual staining with PI and HO. Treatment of MM.1S We next examined the molecular mechanism whereby low-dose combinations of CDDO-Im and bortezomib trigger apoptosis in MM cells. Stress-induced apoptosis correlates with mitochondriarelated events: loss of ⌬⌿m and generation of reactive oxygen species (ROS), including O 2 -; release of cyto-c and Smac (second mitochondria-derived activator of caspases) from mitochondria to cytosol; and activation of downstream capase-9 and -3. 4 In addition, mitochondria-independent apoptosis can occur via death receptor-mediated caspase-8-caspase-3 pathway. 35 In this context, prior studies have shown that CDDO, a parental compound of CDDO-Im, induces apoptosis predominantly by caspase-8 pathway 12 ; however, CDDO-Im-triggered apoptotic signaling is not defined. Moreover, we and others have shown that bortezomib triggers both caspase-8-and caspase-9-mediated apoptotic signaling, albeit at high concentrations (10-20 nM). 12, [36] [37] [38] Given the synergism between CDDO-Im and bortezomib in mediating anti-MM activity, we next examined the signaling mechanisms triggered in response to these agents in MM cells.
Mitochondria play a critical role in apoptosis induction during stress. 35 We therefore first determined whether CDDO-Im ϩ bortezomib induces a loss in mitochondrial membrane potential (⌬⌿m). MM.1S cells were treated with CDDO-Im (80 nM), bortezomib (2 nM), or CDDO-Im ϩ bortezomib for 12 hours; stained with CMXRos; and analyzed by flow cytometry, as previously described. 39 As seen in Figure 6A , neither CDDO-Im nor bortezomib alone triggers any significant decrease in ⌬⌿m, whereas CDDO-Im ϩ bortezomib induces a significant decrease in ⌬⌿m in MM.1S cells, as measured by an increase in number of CMXRos-negative cells (P Ͻ .005; n ϭ 3).
Similar decreases in ⌬⌿m were observed in Dex-resistant MM.1R cells (data not shown). Because loss of ⌬⌿m is associated with O 2 -production, 40, 41 we next determined whether CDDO-Im ϩ bortezomib also affects O 2 -generation. MM.1S cells were treated with CDDO-Im (80 nM), bortezomib (2 nM), or CDDO-Im ϩ bortezomib for 12 hours; stained with dihydroethidium (HE); and analyzed by flow cytometry. In contrast to treatment with either agent alone, the combination of CDDO-Im ϩ bortezomib induces generation of O 2 -in these cells ( Figure 6B ). Similar increases in O 2 -generation were observed in response to higher doses of each agent alone (CDDO-Im ϭ 0.2 M and bortezomib ϭ 10 nM). These data suggest that combinations of subtoxic concentrations of CDDO-Im and bortezomib trigger mitochondrial perturbations sufficient to initiate apoptotic signaling and that this strategy may be useful to avoid dose-related toxic effects of either drug when used alone at higher concentrations. Alterations in the ⌬⌿m are associated with the release of mitochondrial proteins cyto-c and Smac to cytosol, thereby triggering caspase-9 and caspase-3. 42, 43 Having shown that CDDO-Im ϩ bortezomib-triggered apoptosis is associated with loss of ⌬⌿m and an increase in O 2 -production, we next asked whether cyto-c or Smac release is similarly affected by these agents. MM.1S cells were treated with CDDO-Im (80 nM), bortezomib (2 nM), or CDDO-Im ϩ bortezomib; cytosolic extracts were then prepared and subjected to immunoblot analysis with anti-Smac or anticyto-c Abs. As seen in Figure 6C (upper and middle panels), treatment of MM.1S cells with CDDO-Im ϩ bortezomib triggers the release of both Smac and cyto-c. In contrast, neither agent alone (E) MM.1S cells were treated with CDDO-Im (80 nM), bortezomib (2 nM), or CDDO-Im ϩ bortezomib for 24 hours; cytosolic proteins were separated by 12.5% SDS-PAGE and analyzed by immunoblotting with anticaspase-8 and anticaspase-3 Abs. Blots are representative of 3 independent experiments. (F) MM.1S cells were treated with CDDO-Im ϩ bortezomib alone (Ⅺ) or in the presence of caspase-8 inhibitor (E), caspase-9 inhibitor (f), or pancaspase inhibitor (ࡗ) for 24 hours and harvested and assessed for viability using MTT assays. Results are mean Ϯ SD of 3 independent experiments (P Ͻ .005).
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significant release of cyto-c and Smac at these concentrations. Reprobing the immunoblots with antitubulin Abs confirms equal protein loading ( Figure 6C, lower panel) . These findings show that O 2 -generation is associated with cyto-c-or Smacmediated apoptotic signaling triggered in response to CDDO-Im ϩ bortezomib in MM cells.
Release of mitochondrial apoptogenic proteins cyto-c and Smac/DIABLO (Smac/direct IAP binding protein with low pI) induces activation of caspase-9 and -3. 42, 43 We next determined whether CDDO-Im ϩ bortezomib-induced apoptosis correlates with activation of caspase-9. As seen in Figure 6D , treatment of MM.1S cells with CDDO-Im ϩ bortezomib, but not CDDO-Im or bortezomib alone, induces proteolytic cleavage of caspase-9. Prior studies have shown that CDDO, a parental compound of CDDOIm, induces caspase-8 activation 12 ; we therefore next examined whether CDDO-Im-induced apoptosis involves caspase-8 activation. As seen in Figure 6E , CDDO-Im ϩ bortezomib, but not either agent alone, triggered marked caspase-8 cleavage at these concentrations. Both caspase-9 (mitochondria dependent) and caspase-8 (mitochondria independent) are known to proteolytically cleave and activate a common downstream effector procapsase-3, 44 and our data further show that CDDO-Im ϩ bortezomib triggers caspase-3 cleavage ( Figure 6E , lower panel).
We next determined the requirement of caspase-8 versus caspase-9 during CDDO-Im ϩ bortezomib-induced apoptosis. MM.1S cells were treated with caspase-9 inhibitor (LEHD-fmk), caspase-8 inhibitor (IETD-fmk), or pancaspase inhibitor, Z-Val-AlaAsp-fluoromethylketone (z-VAD-fmk). As seen in Figure 6F , pancaspase inhibitor, but not caspase-8 or caspase-9 inhibitor, abrogates CDDO-Im ϩ bortezomib-induced apoptosis. To examine whether CDDO-Im ϩ bortezomib-induced apoptosis requires both caspase-8 and -9, cells were incubated with capsase-8 and -9 inhibitors, treated with CDDO-Im ϩ bortezomib, and then analyzed for apoptosis. Blockade of caspase-8 and -9 led to a 60% Ϯ 2.9% decrease in CDDO-Im ϩ bortezomib-triggered cell death (P Ͻ .005; n ϭ 3). Together, these findings suggest that CDDO-Im ϩ bortezomib-induced apoptosis involves activation of both caspase-8 and -9 and is not completely dependent on either of these caspases. These data further suggest that other upstream pathways that trigger caspase-3 activation other than caspase-8 and -9 are also induced during CDDO-Im ϩ bortezomib-induced apoptosis. Our ongoing studies are focused on establishing a stable MM cell line resistant to either CDDO-Im or bortezomib that will provide more insight into the mechanisms of synergism of CDDO-Im with bortezomib.
CDDO-Im ؉ bortezomib overcomes Bcl2-mediated protective effects
Overexpression of Bcl2 confers resistance to conventional therapies in cancer cells, including MM. [45] [46] [47] Our prior study showed that Bcl2 can modestly attenuate bortezomib-induced apoptosis. 37 We therefore next directly examined whether ectopic expression of Bcl2 in MM.1S cells affects responsiveness to CDDO-Im ϩ bortezomib. MM.1S cells were stably transfected with Bcl2 construct and analyzed for alterations in cell viability by an MTT assay. As seen in Figure 7A , treatment of cells with CDDO-Im (100 nM) ϩ bortezomib (4 nM) significantly decreases cell viability in Bcl2-transfected MM.1S cells (P Ͻ .005). In contrast, neither agent alone reduced survival in Bcl2-transfected cells. Examination of the effects of CDDO-Im ϩ bortezomib in control vector-transfected MM.1S cells versus Bcl2-tranfected MM.1S cells showed 17% Ϯ 1.4% less cell death in Bcl2-transfected cells compared with empty vector-transfected MM.1S cells (data not shown). Taken together, these findings suggest that CDDO-Im ϩ bortezomib at high synergistic doses can overcome Bcl2-mediated protection.
CDDO-Im ؉ bortezomib overcomes bortezomib resistance in SUDHL4 (DHL4) lymphoma cells
Although resistance to another proteasome inhibitor, MG-132, has been reported in Burkitt lymphoma cells, 48 the mechanism of PS-341 resistance in any cell type is unknown. Our recent study showed that treatment with bortezomib failed to induce apoptosis in SUDHL4 (DHL4) lymphoma cells. 49 Having shown that a low-dose combination of CDDO-Im and bortezomib is able to overcome chemoresistance in MM cells, we next determined whether the use of these agents together can overcome bortezomib resistance in DHL4 cells. As seen in Figure 7B , CDDO-Im (100 nM) ϩ bortezomib (20 nM) triggered a significant decrease in DHL4 cell viability without any similar effects when these agents were used alone. The mechanisms mediating bortezomib resistance are unclear. In this context, our previous study showed that overexpression of heat shock protein-27 (Hsp27) confers bortezomib resistance in DHL4 cells. 49 It is well established that Hsp27, like Bcl2, 50,51 confers resistance to chemotherapy. Whether Hsp27 confers bortezomib resistance in MM cells remains to be examined. Nevertheless, our data suggest that the combination of CDDO-Im and bortezomib overcomes the cytoprotective effects of both Bcl2 and Hsp27. Intrinsic activation of NF-B is associated with growth and survival of cancer cells, including MM cells. 52 In addition, adhesion of MM cells to BMSCs triggers NF-B-mediated transcription and secretion of IL-6. 7, 53 We therefore next examined whether combinations of low doses of CDDO-Im ϩ bortezomib modulate NF-B activation. For these studies, we selected RC-K8 lymphoma cells with mutated IB-␣ gene resulting in constitutively increased expression of several Rel/NF-B target genes required for growth and survival. 54 As seen in Figure 7C , low doses of CDDO-Im ϩ bortezomib, but not either agent alone, induce DNA fragmentation even in RC-K8 cells. These findings suggest potential utility of combining CDDO-Im and bortezomib to overcome NF-B-mediated growth, survival, and drug resistance in cancer cells.
CDDO-Im
CDDO-Im ؉ bortezomib triggers apoptosis in bortezomib-resistant patient MM cells
Although treatment with bortezomib triggers apoptosis in MM cells, bortezomib resistance can develop after prolonged drug exposures. We therefore next examined whether CDDO-Im ϩ bortezomib alters bortezomib resistance in patient MM cells. As seen in Figure 7D , treatment with low-dose CDDO-Im and bortezomib, but not with either agent alone, triggers significant apoptosis in bortezomib-resistant MM patient cells, as evidenced by proteolytic cleavage of PARP (Patient no. 1; Figure 7D , upper panel) and marked increase in the percentage of apoptotic cells (annexin V-positive) (patient no. 1; Figure 7D , middle panel). Similar results were observed using other bortezomib-resistant patient MM cells (patient no. 2) ( Figure 7D, lower panel) . Ongoing efforts in our laboratory are focused on establishing MM cell lines resistant to either CDDO-Im or bortezomib to determine the mechanisms of synergism between CDDO-Im and bortezomib. Nevertheless, the present findings in patient MM cells confirm that combination therapy with CDDO-Im and bortezomib can overcome bortezomib resistance.
Collectively, our study shows the following: (1) CDDO-Im, a novel derivative of triterpenoid CDDO, induces apoptosis in MM cells resistant to conventional therapies without affecting normal cell viability; (2) CDDO-Im inhibits BMSC growth and related IL-6 secretion; (3) exogenous hIL-6 or hIGF-1 fails to abrogate CDDO-Im-induced apoptosis; (4) the combination of low-dose CDDO-Im and the proteasome inhibitor bortezomib triggers synergistic anti-MM activity in MM cell lines and patient MM cells; (5) CDDO-Im ϩ bortezomib-induced apoptosis requires caspase activation and occurs via both mitochondria-dependent (loss of ⌬⌿m, increase in O 2 -production, release of cyto-c/Smac, and activation of 9/3) and mitochondria-independent (caspase-8-caspase-3) mechanisms; (6) the combination of CDDO-Im and bortezomib overcomes the cytoprotective effects of antiapoptotic proteins Bcl2 and Hsp27 as well as NF-B-mediated growth, survival, and drug resistance; and (7) CDDO-Im ϩ bortezomib induces apoptosis even in bortezomib-resistant tumor cells. Our study therefore suggests that the combination of bortezomib with CDDO-Im will enhance clinical efficacy, reduce toxicity, and overcome drug resistance in patients with relapsed refractory MM.
